S upersaturation as the driving force of crystallization processes is an essential parameter and its effects on the quality of the product should be carefully investigated. In this paper, a systematic study on cooling rate and cooling mode effects on the supersaturation level and, consequently, on the size and shape of the sulphathiazole crystals has been conducted. In situ concentration monitoring was carried out using ATR-FTIR spectroscopy and the size and shape of the crystals produced were measured by automated image analysis. The simultaneous application of these two modern analytical methods was found to provide useful information for the thorough study of the causes and consequences of different crystallization conditions on the outcome of the process. The results obtained in this study showed a significant increase in the average crystal size with decreasing cooling rate when linear cooling profiles where applied. The average size of the sulphathiazole crystals produced by using the programmed cooling was found to be slightly smaller than the size of the crystals obtained by using linear or natural cooling profiles with the same batch time. The repeatability of the experimental procedure was considered to be good since the relative standard deviations between the results of the repeated batches were rather small in all cases. The variations observed in the properties of the crystals produced could be easily and comprehensively explained by the differences observed in the concentration profiles.
INTRODUCTION
The driving force of all crystallization processes is supersaturation. In cooling crystallization, the supersaturation is typically expressed as the concentration of the crystallized material in excess of its solubility at a given temperature. It is well known that the level of supersaturation during the cooling crystallization process influences the properties of the crystalline product obtained. This has been indisputably confirmed by several experimental results presented in the literature (e.g., Myerson et al., 1986; Jagadeshi et al., 1996; Matthews and Rawlings, 1998; Togkalidou et al., 2001a; Srinivasakannan et al., 2002; Ulrich and Strege, 2002; Lewiner et al., 2002) . Commonly required properties of a crystalline material are certain crystal size, narrow size distribution and desired crystal shape. These properties are determined mainly by the processes of nucleation, growth, attrition, breakage and agglomeration. Supersaturation affects nucleation and crystal growth considerably, both of which accelerate as the level of supersaturation is increased. In order to achieve the previously mentioned crystal properties, it is necessary to somehow minimize the effect of the nucleation process and maximize the crystal growth so that most of the material that is dissolved in the solution could accumulate on the surfaces of a small number of crystals. This can be done by controlling the level of supersaturation during the crystallization process. Nucleation typically occurs at rather high supersaturation levels whereas crystal growth can occur and proceed at considerably lower levels of supersaturation (Mersmann, 1999) . Based on these considerations, the optimal crystal properties should be achieved if the supersaturation could be kept at a relatively low level throughout the whole crystallization process. One method for influencing the level of supersaturation during cooling crystallization is to control the cooling rate applied.
Cooling Modes
The cooling methods traditionally employed in cooling crystallization processes can be roughly classified into three different types, which are natural, linear and programmed cooling. Natural cooling refers to a method where the crystallizer is cooled with a constant temperature coolant and this normally results in very high cooling rates at the early parts of the batch. Consequently, the solution is usually supersaturated at a considerably faster rate than it is possible to desupersaturate it by the growth on the existing crystals (Jones and Mullin, 1974) . This causes the supersaturation to rapidly exceed the metastable limit thus allowing massive spontaneous nucleation to take place. Consequently, the product obtained with natural cooling often consists of a large number of small, irregularly shaped crystals.
Linear cooling profile refers to a constant cooling rate throughout the whole crystallization process. If the applied cooling rate is selected correctly, it is possible to reduce the high initial supersaturation peak associated with natural cooling and therefore also to diminish the occurrence of unfavourable spontaneous nucleation after the first primary nuclei have been generated. This should lead to an increase in the average crystal size compared to the crystals produced by natural cooling, as was reported by Jones and Mullin (1974) . If the cooling rate chosen is too high, the possibility of repeatedly exceeding the metastable limit during the process becomes likely and this again can lead to worsening quality of the product as a consequence of uncontrolled nucleation. Too low cooling rates on the other hand can result in uneconomically long batch times.
A lot of work has been carried out during the last few decades on finding the optimal cooling profiles that should be followed in order to perform batch cooling crystallization processes in a controlled manner. The objective of such programmed cooling profiles is to ensure that the generation rate of supersaturation always matches the available crystal surface area on which the crystal mass formed is to be transferred (Davey and Garside, 2000) . This means that at the early stages of the batch, when the surface area of the crystals existing in the solution is small, the rate of supersaturation production has to be slow and therefore also the applied cooling rates need to be extremely low. As the crystallization process then proceeds, the surface area of the crystals increases and the cooling rate increases towards the end of the batch.
One of the first papers that dealt with programmed cooling of batch crystallizers was published by Mullin and Nývlt (1971) , who derived an exact theoretical equation that represented the ideal cooling curve based on constant nucleation and growth rates in a seeded solution. This equation, however, was too complex for general use and it was therefore simplified by making some appropriate assumptions. For an unseeded batch cooling crystallization process of a substance with its solubility depending linearly on temperature, the simplified cooling curve that should be followed in order to maintain approximately constant supersaturation throughout the whole duration of the batch became:
where T 0 is the initial solution temperature, T is the solution temperature at time t, T f is the final solution temperature, t is the time and t is the batch time.
The obtained simplified profiles were utilized by Mullin and Nývlt (1971) and by Jones and Mullin (1974) in seeded crystallization experiments performed with aqueous solutions of potassium sulphate and ammonium sulphate and it could be shown in both of these cases that the median crystal size was clearly increased when compared with the size of the crystals obtained using natural cooling. The presented experimental results however also showed that the programmed cooling profile was not very effective in eliminating the occurrence of nucleation during the crystallization since all of the obtained crystal products contained a significant amount of fine crystals.
Even though a large number of different, even further optimized and more specific theoretical cooling profiles can be found from the literature, it is not usually necessary in practice to use the exact forms of these optimal equations. According to Davey and Garside (2000) it is often only required that a reasonable approximation to the appropriate time -temperature profile is achieved.
After the first crystals have appeared in the solution, secondary nucleation is likely to take place and the number of nuclei that are produced by this mechanism will increase with the mass of crystals in the solution (Mersmann, 1996; Davey and Garside, 2000) . Secondary nucleation can be divided into attrition nucleation and surface nucleation. Attrition nucleation refers to the formation of new nuclei as a consequence of crystal breakage, which is caused by collisions between the crystals and the walls of the crystallizer, a stirrer or other crystals in the suspension. Surface nucleation on the other hand refers to formation of new nuclei on the surfaces of the crystals existing in the solution or in their immediate vicinity (Mersmann, 1996) and it depends on the level of supersaturation. The occurrence of secondary nucleation might set some limits on the size distribution that can be achieved with controlled crystallization because it creates new crystal surfaces on which the available mass of the dissolved material can deposit. In addition, attrition nucleation also decreases the size of the already formed crystals.
In situ Concentration Measurement with ATR-FTIR
To get real-time information on the supersaturation level throughout the crystallization process, a reliable solute concentration monitoring technique is needed. The ATR-FTIR technique has proved to be a suitable technique for monitoring crystallization processes due to its wide applicability to different systems, since most compounds absorb radiation in the mid-IR range. In addition, the measurement takes place at the interface between the ATR element and a sample and therefore the existing crystals are assumed not to disturb the measurements. However, transformation of the spectral data to concentration information is a critical issue in order to obtain reliable results. Traditional regression methods can be applied by correlating the heights or areas of specific peaks, or alternatively a ratio of specific peaks to a concentration of the measured constituent can be used (Uusi-Penttilä and Berglund, 1996; Dunuwila and Berglund, 1997; Fevotte, 2002; Lewiner et al., 2001a Lewiner et al., , b, 2002 methods should not be applied to correlated variables, which the spectral variables typically represent. In complex chemical systems, the bands in the IR spectrum from different constituents often overlap each other, the absorbencies of specific compounds of interest can be low and, consequently, no single peak can be found to correlate reliably with concentration. In addition, random variation is always present in the spectra, and for that reason a single peak can provide inaccurate estimates of the concentration level. Multivariate methods, e.g., partial least squares (PLS) regression and principal component regression (PCR) calibration models can be applied to overcome these problems and they have previously been applied to solute concentration prediction from crystallization systems (Togkalidou et al., 2001b; Profir et al., 2002; Feng and Berglund, 2002; Liotta and Sabesan, 2004) . PLS enables the linear modelling of correlated variables. The collinearity between variables is, in fact, a stabilizing advantage rather than a problem (Wold et al., 1983) . A large number of variables, i.e., spectral points, can be included in the model. PLS reduces the dimensions of the original data and, at the same time, it may reduce the noise level. The PLS calibration can be improved by careful data and model validation steps as well as using an appropriate data preprocessing technique. A calibration routine that includes validation and preprocessing steps for solute concentration prediction in cooling crystallization process (Pöllänen et al., 2005) is used in this context. The physical and chemical purity of a product is a major issue in crystallization. ATR-FTIR has been applied to monitor the concentration level in crystallization of racemic compounds and process conditions that make it possible to separate an enantiomerically pure compound out of a racemic mixture using a cooling crystallization process (Profir et al., 2002) . Concentration measurement using the ATR-FTIR technique in crystallization of a certain polymorphic form of glycine has been investigated (Doki et al., 2004) . In addition, the measurement of the level of specified impurity simultaneously with the solute concentration measurement using ATR-FTIR has been introduced, but the impact of concentration or impurity level on the product properties was not considered in that context (Derdour et al., 2003) .
The information on the concentration of crystallizing substance allows the possibility of investigating the effects of the driving force changes on the obtained product morphology and crystal size distribution (CSD). Consequently, the process conditions can be optimized to meet the desired product properties. The results from the studies in which ATR-FTIR was used for concentration measurement during the crystallization experiments using different constant cooling rates with and without seed crystals showed that the metastable range increased with the cooling rate and also with the overall concentration level, as was expected theoretically. The overall concentration level increased by seeding as well (Fevotte, 2002; Lewiner et al., 2001a Lewiner et al., , b, 2002 . The average size of the product was observed to be largest when seeding was used (Lewiner et al., 2001a) and the number of crystals was found to increase with the cooling rate (Lewiner et al., 2001b) . The variations in crystal shape in terms of length-towidth ratio were found to be reduced when seeding was applied (Lewiner et al., 2001b) . Current research has been strongly concentrated on the application of closed loop feedback control based on ATR-FTIR concentration measurements. Attempts to simultaneously obtain crystals as large as possible, to avoid exceeding the metastable limit during ongoing crystallization and to minimize the batch time have been introduced. The results have shown that by maintaining the concentration level under the metastable limit, larger and more uniform product crystals can be obtained than when the metastable limit is exceeded (Fujiwara et al., 2002) . Controlled crystallization processes with constant supersaturation levels have been compared to uncontrolled crystallizations in previous studies (Grön et al., 2003; Liotta and Sabesan, 2004) . Crystallization with feedback control with constant supersaturation was found to provide larger crystal sizes than crystallization with constant cooling rate (Liotta and Sabesan, 2004) . The size of the product crystals decreased as the level of supersaturation was increased (Grön et al., 2003; Liotta and Sabesan, 2004 ).
Automated Image Analysis
The level of supersaturation during the crystallization process affects not only the size but also the shape of the crystals produced. An ideal technique for characterizing crystalline solids would therefore be such, that it could simultaneously provide information on the size and the shape of the analyzed crystals. Currently the only methods that are capable of separating different crystal dimensions from each other and thus generating appropriate shape factors are the ones that are based on imaging techniques. The use of different kinds of image analysis techniques for characterizing crystalline solids has been recently reported, for example, by Lewiner et al. (2001a Lewiner et al. ( , b, 2002 Ferreira et al. (2005) . Traditionally image analysis has been carried out using manual microscopy, which is such an arduous method that its utilization in practical applications is rather difficult. Manual microscopy measurements are very timeconsuming and for that reason the number of particles that can be analysed in a reasonable period of time is often not sufficient to ensure that the statistical significance of the obtained results is high enough. The results obtained from microscopy measurements also suffer from operator to operator variability due to the fact that the human operator needs to constantly make selections regarding the examined particles and measured particle dimensions. Most of the difficulties related to manual microscopy can, however, be overcome by automated image analysis techniques.
In this work, the concentration levels were measured with ATR-FTIR from the crystallizations using different constant cooling rates as well as natural cooling and programmed cooling modes, the principles of which were described above. Characterization of the crystals produced was performed with a modern automated image analyser designed especially for size and shape analysis of dry powders. The cooling rate and mode had a remarkable effect on the supersaturation level during the unseeded crystallization and consequently on the product properties. Variations in crystal properties could be easily and comprehensively explained by the differences observed in the crystallization conditions that were detected using the in-line concentration measurement data.
MATERIALS AND METHODS
The experimental work performed in this study consisted of unseeded laboratory scale batch cooling crystallization experiments carried out using various cooling rates and cooling profiles. The crystallized material in all experiments was pharmaceutical grade (European Pharmacopoeia/ United States Pharmacopoeia) sulphathiazole (Industrias GMB S.A., Castellbisbal, Barcelona, Spain) and the solvent used in the experiments was a 50/50-mixture (w/w) of deionized water and GC-grade n-propanol [purity min. 99.7% (w/w); Aspokem Oy, Helsinki, Finland].
Solubility Measurements
In order to be able to properly control any cooling crystallization process, the solubility of the crystallized material in the considered solvent has to be known. The solubility of sulphathiazole in the chosen solvent mixture at temperatures ranging from 108C to 808C was determined experimentally using the gravimetrical method. Samples that were taken from saturated homogenous solutions at different temperatures were filtered through a 0.2 mm-pore-size syringe filter and evaporated to dryness in a vacuum oven. The solubility was calculated based on the measured reduction in the mass of the sample during drying. All measurements were made with three parallel samples in order to ensure adequate accuracy. The results of these solubility measurements have already been presented earlier (Häkkinen et al., 2003) . The most relevant part of the results for the current study will also be given later in this paper in Figure 2 .
Crystallization Experiments
The equipment used in the crystallization experiments is illustrated in Figure 1 . The main parts of the equipment were the jacketed 4.0 dm 3 glass crystallizer (height 250 mm, diameter 160 mm), programmable LAUDA RK 8 KP-thermostat unit and ABB BOMEM MB155S spectrophotometer. The temperature in the crystallizer was measured with a Pt-100 sensor and was registered on a PC. The same PC was also used to control the thermostat in such a way that the temperature in the crystallizer accurately followed the predefined cooling profiles. The crystallizer was supplied with a three-bladed curved blade impeller (diameter 100 mm) and four baffles, which were made of PTFE. The agitation rate in all experiments was kept constant at 400 rpm, which corresponded to a tip speed of 2.1 m s 21 . According to Mersmann and Löffel-mann (2000) , tip speeds of this magnitude are typical for laboratory scale crystallizers.
All crystallization experiments in this study were carried out without seed crystals. The initial batches were prepared by introducing approximately 4.0 dm 3 of solvent mixture into the crystallizer and adding a quantity of sulphathiazole such that it corresponded to the previously determined solubility at 808C. The solution was then heated from 258C to 858C in 2 h and kept at that temperature for 1 h to make sure that all of the added sulphathiazole was dissolved before the beginning of the cooling stage.
The experimental work can be divided into two parts according to the type of cooling profiles applied. The purpose of the first part of the crystallization experiments was to examine the influence of the applied cooling rate when the cooling was carried out with a constant cooling rate throughout the whole duration of the crystallization. The experiments were done with four different rates, 3.9, 5.5, 9.2 and 27.58C h 21 , which resulted in cooling times of 14.0, 10.0, 6.0 and 2.0 h for the temperature interval from 808C to 258C. The temperature data collected from the experiments with different cooling rates is presented later in this paper in Figure 3 .
The goal of the second part of the crystallization experiments was to investigate the influence of the applied cooling profile. In addition to the linear cooling profiles, the crystallization experiments were also carried out with natural and programmed cooling. Selection of the batch time used in these experiments was done based on the limitations caused by the available thermostat unit and the heat transfer characteristics of the equipment. Trial runs were made to find the minimum batch time, and it was observed from on those runs, that the crystallizer could not be cooled according to the temperature profile calculated from equation (1) in an accurate manner in less than 6 h. The cooling time for the temperature interval from 808C to 258C was therefore chosen to be 6 h in all experiments with different cooling modes.
Since all experiments in this study were done without seed crystals, it was decided that the starting temperature of the programmed cooling profile should be well within the metastable zone. By using data collected during the previous experiment with a linear (6 h) cooling profile, it was possible to detect the temperature where the first nuclei spontaneously appeared into the solution as the limit of the metastable zone was exceeded. The starting point of programmed, and also natural, cooling profiles was decided to be 1.08C above the detected nucleation temperature. At this temperature, which was found to be 758C, the solution was clearly supersaturated but no crystals were yet present in the solution. The experiments with natural and programmed cooling profiles were carried out by cooling the solution first from 858C to 758C with the cooling rate of 9.28C h 21 after which the chosen cooling profile was started. The crystallizations with the programmed cooling profile were performed using a PC that controlled the thermostat unit in such a way that the temperature in the crystallizer accurately followed the profile calculated from equation (1). The experiments with the natural cooling on the other hand were performed by rapidly changing the temperature of the cooling medium to a constant temperature of 258C, which resulted in very high initial cooling rates and considerably lower cooling rates at the end of the batch. In those experiments where natural cooling profile was applied, the final temperature of the batch was reached in approximately 1.5 h. It was, however, decided that in order to keep the influence of the mixing conditions equal, the batch time in all experiments with different cooling modes should be the same. Therefore also the experiments with the natural cooling profile were performed with a batch time of 6 h by maintaining the crystals in the stirred solution at constant temperature of 258C for the remaining 4.5 h. The temperature data collected from the experiments with different cooling profiles will be shown later in Figure 5 .
All the crystallization experiments performed in this study were conducted at least twice to ensure adequate repeatability. Comparison between the parallel batches suggested that considerable batch-to-batch variations did not exist for any of the monitored properties.
ATR-FTIR Measurements and Calibration Procedure

ATR-FTIR device and settings
ATR-FTIR measurements were taken using an ABB BOMEM MB155S spectrophotometer equipped with a Dipper 210 ATR immersion probe with a conical ZnSe element manufactured by Axiom Analytical Inc. The shape of the element causes the light beam to undergo two internal reflections in the interface of a sample and the element before the attenuated reflection proceeds to the detector. Grams32 software was used to collect the spectra. The mid-IR spectrum from 4000 to 750 cm 21 was collected. As a compromise between the quality of the spectrum and the robustness of the measurements, the spectral resolution of 16 cm 21 was used and each spectrum consisted on average of 20 consecutive scans. Water was used as a background spectrum.
Calibration measurements
A calibration routine is necessary in order to obtain quantitative information from IR spectra. The calibration routine includes sets of measurements with known concentrations. To obtain a stable calibration, the conditions present in true measurements should be covered. These conditions include: mixing conditions, reactor geometry, temperature range, solvent composition and, of course, concentration range. However, in the case of crystallization measurements the supersaturated stage is unstable, since spontaneous nucleation can take place due to any mechanical or other distraction in the process, and, consequently, the calibration measurements with known concentrations become precarious. For this reason the calibration measurements were conducted in undersaturated conditions but concentrations as close as possible to the solubility concentration were measured. This means that extrapolation is needed when concentration is predicted. The calibration measurements are done in a liquid phase, but in a true crystallization process a solid -liquid suspension exists. Particularly in this type of situation careful data and model validation steps are required in order to obtain a reliable model. Calibration sets were measured using the previously mentioned spectrophotometer settings. A sulphathiazole concentration from 0 to 30 g sulphathiazole/100 g solvent and a solvent composition 0-100 w% n-propanol was covered in the calibration measurements. The temperature range for the measurements was from 258C to 808C and the number of measured points was 513.
ATR-FTIR solubility measurements
To validate the model, the solubility of sulphathiazole was measured by adding an excessive amount of sulphathiazole to the solvent and mixing this suspension at constant temperature until the equilibrium concentration was reached. Equilibrium was detected when the consecutive spectra were constant. In practice, the time needed to reach equilibrium was approximately 2 h. This was done from 258C to 808C with increments of 58C. ATR-FTIR measured solubilities were then compared to the results obtained from gravimetric measurements. This particular validation step tested the applicability of the model to the situation resembling true crystallization where there is a solid -liquid suspension present and its suspension density is changing throughout the process.
Calibration modelling and validation
The spectral data was analyzed using Matlab 6.5 from MathWorks, Inc. The spectral data together with temperature and solvent compositions formed the X matrix. The predicted variable y was the solute concentration.
Measured calibration data was validated using multivariate statistical process control charts (MSPC). The MSPC charts are based on a principal component analysis (PCA) model and are applied to the X matrix. Within MSPC, Hotelling's T 2 charts from score vectors of the PCA analysis are formed and they reveal whether the variation of variables in the plane of extracted PCs to the model is greater than can be explained by random noise. The Q-chart is calculated from the squared prediction error of the residuals, i.e., from the data left out from the model of the observations. Variables can be evaluated within the structure (T 2 ) and residual (Q) space using variable loadings to detect the essential variables that cause a particular sample to represent a different structure than the other samples. The most relevant wave number range to be used in the model was selected based on contribution charts. The principle of MSPC is described in (MacGregor and Kourti, 1995) .
From the evaluation of the quality of measured calibration data and previous knowledge of the variation of essential process variables that should be covered in a predictive model, a calibration set was selected. A calibration set (86 points) was used to build the stable calibration model and a separate test set was used to select Wold et al., 1998) . The number of PLS components needed in the final predictive model should be decreased by OSC preprocessing. This should also lead to more accurate predictions of a desired property using the model, if the appropriate validation procedures were applied. A PLS model was derived. PLS finds a score vector t in a column space of X (t ¼ Xw) and a vector u in a column space of Y (u ¼ Yq) that gives the maximal squared covariance:
, for jwj ¼ jqj, where w and q are loadings of the X and Y decompositions respectively (Wold et al., 1983) . Several such derived components can be calculated and the number of components needed in the model is defined using an appropriate validation criterion. In this context, the selection of the best performing model was essentially based on the root mean squared error of validation (RMSEV) of the external test set. The selected model was further validated by comparing ATR-FTIR solubility measurements to gravimetrically measured solubilities using concentrations higher than the calibration measurement points and to the situation where there is a solid -liquid suspension present. A detailed description of the calibration procedure is presented in Pöllänen et al. (2005) .
Crystal Characterization
The samples for crystal characterization were collected immediately after the crystallization experiments from four different locations in the crystallizer by using a vacuum pipe. The four samples, which were combined to form a composite sample, were always taken from a mixed suspension in order to reduce the undesired classification due to the sedimentation of the largest crystals. The volume of each composite sample was approximately 500 ml that corresponded to roughly 1/8 of the total volume of the crystal suspensions. The crystals from these composite samples were gently separated from the solvent with a Büchner funnel after which they were dried in a vacuum oven. The dry crystals were then used for crystal size and shape analyses that were performed using an automated image analyser (PharmaVision 830, Malvern Instruments, Ltd). The completely automated operation of the analyser meant that the measurements were always made routinely and very rapidly (approximately 20 000 particles in 10 min). For this reason, it was possible to analyse enough particles in a reasonable period of time to obtain reliable results. In addition, the human operator bias could be eliminated.
The samples for the analyses were prepared by dispersing the dry crystals evenly onto a 100 mm Â 100 mm sample plate that was placed on a sample tray underneath a video camera. The camera was then moved across the sample tray in a preprogrammed way by linear actuators and a large set of digitized video images was automatically acquired. The obtained raw video images were processed using PharmaVision 830 software (version 4.2.1.15) that separated all the individual crystals from the images and determined a set of various morphological parameters separately for each crystal in the sample.
The optimal conditions for the image analysis can only be achieved when the crystals are dispersed onto the sample plate in a mono-layer, since otherwise the obtained results may be significantly distorted as a result of the overlapping of the analysed crystals. The formation of a perfect mono-layer is never possible in practice and therefore the influence of the overlapping needs to be eliminated somehow. By comparing the crystal images provided by the PharmaVision and the morphological parameters of the individual crystals, it was possible to detect the objects that contained the overlapping crystals and automatically discharge those from the original data. This technique was used here to ascertain that the results obtained truly described the dimensions of the individual crystals. Two or three sub-samples (approximately 0.3-0.4 g each) were taken from the dried composite samples and analysed separately and the crystal data obtained from those analyses were combined to give an average result. The number of crystals analysed from the different samples in this study, after the overlapping objects had been removed, varied between 69 368 and 148 716.
RESULTS AND DISCUSSION Prediction Ability of the Model
The solubility of sulphathiazole was measured gravimetrically and using ATR-FTIR and is presented in Figure 2 . Figure 2 shows that there is a good agreement for these two different measurements and therefore the calibration procedure can be expected to give accurate enough predictions for the studied crystallization process. The results clearly indicate that calibration in a different physical state (a liquid phase) from the solubility measurement (a solid -liquid suspension) did not decrease the predictive ability of the model.
The Influence of Cooling Rate on Supersaturation
The concentration profiles from crystallizations using different constant cooling rates (Figure 3 ) illustrate that the overall concentration level tends to increase when the cooling rate is increased. This is an expected and logical result. When the cooling rate is very low, the mass transfer of the solute molecules on the surface of existing crystals is fast enough to release most of the supersaturation and consequently the supersaturation level remains low. When the cooling rate increases, the solubility decrease with decreasing temperature becomes greater than the mass transfer rate onto crystals, which causes the supersaturation level to increase and remain high. This effect was clearly demonstrated with these results. When cooling rates of 9.28C h 21 and 5.58C h 21 were used, there were few sudden concentration decreases, 'steps', during the ongoing crystallization process after the primary nucleation. These steps may possibly be caused by an instantaneous exceeding of a metastable limit at these particular points. Then new nuclei will be formed, which causes a sudden release of supersaturation and decreases the concentration rapidly.
The predicted concentration level in crystallization using a 27.58C h 21 cooling rate is probably too high to be true. There are several possible reasons. Firstly, the concentration level may be too high to be reliably predicted using the calibration model derived and the model becomes unstable. Secondly, with high cooling rates, the concentration level tends to lie above the metastable limit continuously and new nuclei are generated throughout the whole crystallization process. Therefore, the unstable system may cause distractions to ATR-FTIR measurements. The width of the metastable zone increases with the cooling rate, which can be seen in Figure 3(b) , but is also illustrated in Figure 4 .
The Influence of Cooling Mode on Supersaturation
Temperature, concentration and supersaturation profiles from crystallizations using different cooling modes are presented in Figure 5 . It should be noted that the concentration profiles in Figure 5 (b) are presented against temperature, but the supersaturation levels in Figure 5 (c) are illustrated against time. By this way the authors on the one hand wanted to visualize the concentration changes due to changing temperature together with the solubility curve, but on the other hand to illustrate the driving force changes against the cooling profile used.
The concentration profile from the crystallization process using programmed cooling in Figure 5 (c) illustrates that the concentration level after the first primary nucleation was as low as the equilibrium concentration from 75 to 72 which corresponds to almost two hours as illustrated in Figure 5 (c). The reason is that the cooling rate was very low in the beginning of the crystallization process with programmed cooling. The estimated supersaturation level [Figure 5(c) ] for programmed cooling seems to drop below zero, which actually is not true, but the system is most likely in the equilibrium state. All analytical measurements and calibration models have certain uncertainty Figure 5 (c) the supersaturation level increased at the end of the crystallization using programmed cooling as the cooling rate was increased towards the end of the process. It can be concluded that the programmed cooling did not maintain a constant supersaturation level. One reason was that the process conditions were not optimized using the crystallization kinetics and thermodynamic properties when determining the programmed cooling profile but instead, the total batch time was fixed and the profile was fitted to that. In addition, the solubility of sulphathiazole increases exponentially with respect to temperature and not linearly as was assumed in the approximations concerning the cooling profile described by equation (1). Concentration profiles from crystallization with natural cooling show that the concentration level decreased rapidly at the very moment the temperature of the cooling medium was set to a constant value of 258C. The suspension cooled down rapidly and practically all the crystals were formed in a few minutes. The suspension reached the final temperature at t ¼ 1.5 h [ Figure 5 (a)]. For the remaining 4.5 h, the crystals were kept in a mixed suspension at constant temperature and the concentration was close to the solubility concentration.
Crystal Characterization
Examples of the optical micrographs of the sulphathiazole crystals obtained from the different experiments performed in this study are presented in Figure 6 .
The images presented show that the shape of the crystals obtained with the fastest cooling rate seems to be highly irregular which may be a result of uncontrolled primary nucleation. As the cooling rate is decreased to 9.28C h 21 , an obvious change in the crystal shape is detected and, in particular, the larger crystals seem to commonly exist as rather long and thin plates. Further decrease in the cooling rate appears to make the largest crystals slightly more rounded, which is perhaps caused by the increased influence of grinding and breakage of the crystals as a result of collisions in the crystallizer. It can be observed that besides the large primary crystals, also a significant quantity of finer crystals exist in all samples and the shape of those fine crystals is generally more rounded than the shape of the larger ones. These fine secondary crystals are mainly assumed to be attrition fragments of large primary crystals, which have been formed as a result of grinding effects caused by the mixing during crystallization.
The product crystals from the experiments with the natural cooling profile are clearly smaller than the crystals obtained with the other profiles and their shape appears to be more irregular. When the crystallization is carried out using the programmed cooling profile, major changes cannot be detected in the size or shape of the largest crystals compared with the crystals obtained using the linear profile with the same batch time, i.e. with a constant cooling rate of 9.28C h 21 . The size of the smaller crystals obtained with programmed cooling, however, appears to be slightly larger than with the other profiles and their shape seems to be more needle-like. These crystals also appear to be more uniform in shape, which is probably a result of a decrease in attrition since the majority of the crystals has now been formed during the final parts of the crystallization process. The overall conclusion that can be made from the microscope images is that sulphathiazole crystals obtained from the 50/50-mixture of water and n-propanol tend to grow as elongated rods and that the shape of the crystals produced in this study seems to be strongly influenced by the attrition occurred during the crystallization process.
To obtain numerical information concerning the size and shape of the crystals produced in this study, the crystal samples were analysed using an automated image analyser. It was decided to describe the size and shape of the crystals by crystal length and roundness, respectively. The crystal length refers to the largest projection of the crystal, whereas roundness is a measure of the length to width ratio. For a perfect circle, the roundness equals 1, and for a needle shaped crystal, the value of roundness approaches 0. These parameters were readily provided by the PharmaVision-software. The crystal size distributions shown in Figure 7 (a) and Figure 8 (a) are given as differential distributions where the projected surface area of the crystals is plotted against the crystal length. The crystal shape distributions on the other hand are given as differential roundness distributions by the number of crystals and are shown in Figure 7 (b) and Figure 8(b) . The data obtained from the image analyses contained several morphological parameters that were measured separately for each individual crystal. It was therefore possible to use this data to examine the relationship between the size and shape of the crystals. For this purpose, the roundness of the crystals was plotted against the corresponding crystal lengths as shown in Figure 7 (c) and Figure 8 (c).
The Influence of Cooling Rate on the Size and Shape of the Product Crystals
Crystal size distributions of the samples obtained from the experiments with different constant cooling rates [Figure 7(a)] show that the cooling rate clearly influenced the size of the produced crystals. It can be observed that the widest size distribution was obtained when the cooling rate was the highest. When the cooling rate is decreased, the resulting size distributions can be seen to become slightly narrower. This trend is especially obvious when the relative amounts of the smallest crystals are compared whereas truly significant changes in the size of the largest crystals cannot be observed. This kind of result can be for several different factors. First, since the crystal size distribution with studied cooling rates is rather wide, it can be assumed that attrition nucleation in crystallization of sulphathiazole plays a considerable role. The largest size found in all samples was approximately equal and this could imply that the maximum attainable crystal size was limited by the mixing conditions applied in the experiments. A similar conclusion has also been made by Mersmann and Löffelmann (2000) , who suggested that the final product size can be strongly determined by attrition for crystals above 100 mm. If this were not the case, one could expect the largest crystals produced with the lowest cooling rates to be clearly larger than those produced with rapid cooling. It can also be further speculated that in fact the largest crystals are likely to suffer most from attrition because they have higher collisional probabilities due to their larger area and mass (Matthews and Rawlings, 1998) .
The observed differences in the size distributions can also be explained by variations in the rate of spontaneous nucleation between the different cooling rates. It was already shown in Figure 3 (c) that an increase in the cooling rate resulted in an increase in the supersaturation during the crystallization. The supersaturation profile for the experiments with the highest cooling rate implied that the level of supersaturation was extremely high and it was already suggested earlier that one reason for this may be that spontaneous nucleation has occurred throughout the whole duration of the crystallization. The highest cooling rate resulted in a very wide crystal size distribution which can be explained by massive uncontrolled nucleation. Spontaneous nucleation has probably occurred repeatedly also when cooling rates of 9.28C h 21 and 5.58C h 21 were used since obvious steps were observed in the supersaturation profiles for those experiments. Such steps could not, however, be detected in the supersaturation profile for the experiments with the lowest cooling rate; experiments that resulted in the narrowest crystal size distribution.
The crystal shape distributions in Figure 7 (b) show that although differences between the shapes of the crystals produced with different cooling rates are rather small, the direction of the observed changes is systematic. The roundness of the crystals seems to increase with increasing batch time. Also this result can be explained by the effect of attrition because it is reasonable to believe that due to attrition the sharp edges of the crystals are smoothed. At the same time, a population of small irregularly shaped fragments is formed. This conclusion can also be justified with Figure 7 (c) where the crystal shape is plotted against the corresponding crystal size. The shape of the smallest crystals with all cooling rates clearly tends to approach a sphere and significant decrease in the roundness values can be observed with increasing crystal size. A minimum value for roundness can be found in all cases, and it can therefore be assumed that the crystal shape is affected by attrition especially with the largest crystals due to their higher collisional probabilities. As was already mentioned earlier, all crystallization experiments in this study were repeated in order to ensure adequate repeatability. Table 1 shows the mean crystal sizes and shape factors, which were all calculated from the number distributions, for all batches conducted with different constant cooling rates. The table also shows the relative standard deviations between the means of the parallel batches that are presented here to quantify the statistical accuracy of the sampling and analysis procedure. The calculated relative standard deviations are less than +3.6% in all cases, which implies that considerable variations between the repeated batches did not exist.
The Influence of Cooling Mode on the Size and Shape of the Product Crystals
The crystal size distributions of the samples obtained with different cooling profiles are shown in Figure 8(a) . Observation of the presented distributions reveals that only moderate differences can be observed between the different samples. The size and the relative amount of small crystals (,200 mm) in all samples are practically equal and significant differences can only be seen when the largest crystals are compared. The narrowest distribution is obtained when the crystallization was carried out using natural cooling and the widest distribution results from the experiments with the linear cooling profile. The size distribution of the crystals obtained by the programmed cooling profile can be seen to lie between the other two distributions. This can be considered a somewhat unexpected result because it was assumed that a programmed cooling profile would have produced the largest crystals.
Several reasons may explain these observations. The supersaturation profiles presented in Figure 5 (c) implied that programmed cooling could not maintain the supersaturation constant throughout the whole duration of the crystallization. It can therefore be concluded that the simplifying assumptions made to obtain the equation for the programmed cooling profile were not appropriate for the case of sulphathiazole. One reason may be the highly unlinear solubility curve of sulphathiazole ( Figure 2 ) and another possible explanation is once again the relatively high rate of secondary nucleation. The results obtained with the different cooling rates implied that sulphathiazole crystals were highly sensitive to mechanical attrition. If this holds true, it can be concluded that the crystals formed at the beginning of the batch have probably broken already during the initial slow cooling period. An obvious consequence of this is that the number of crystals has probably increased and therefore the maximum attainable crystal size has become smaller. The increase in the supersaturation towards the end of the batch suggests that the cooling rate applied during the final stages was too high and it is therefore likely that spontaneous nucleation has occurred at the end of the batch.
When the crystallization was carried out using the natural cooling profile, a rather narrow crystal size distribution was obtained. It should, however, be mentioned here that the chosen batch time probably significantly influenced the properties of the final product. The temperature profile presented in Figure 5 (a) showed that with natural cooling the final temperature of the batch was reached very rapidly. Since the batch time was fixed to 6 h, the crystal suspension was mixed for approximately 4.5 h at a constant temperature and the supersaturation during that period was practically negligible [Figure 5(c) ]. It is assumed, however, that despite the constant low supersaturation, considerable changes in the crystal properties during this mixing period have occurred. It is possible that the observed size distribution for crystals produced by natural cooling is considerably narrower than it would have been immediately after the final temperature of the batch was reached. Presumably the size distribution right after the cooling period was even wider than was observed with the fastest cooling rate in Figure 7 (a). The changes in the crystal properties are assumed to be a consequence of two different processes. The first is once again assumed to be attrition, which is expected to decrease the maximum size of the crystals, thus narrowing the size distribution from the upper end. On the other hand, Ostwald ripening may cause the smallest crystals to dissolve and their dissolved mass to be deposited on large crystals, which consequently grow. This phenomenon could therefore narrow the distribution from the lower end. The time required by Ostwald ripening to proceed, however, depends strongly on the properties of the solute/solvent combination and it is therefore difficult to estimate the actual effect of it in this case.
The crystal shape distributions shown in Figure 8 (b) show that the differences between the samples crystallized with different cooling profiles are rather large. The crystals produced with the programmed cooling profile are clearly more elongated than the crystals obtained by linear or natural cooling. This can be explained by the previously made assumption that a large fraction of the crystals produced with programmed cooling was probably formed in the final parts of the batch. These crystals have most likely suffered less attrition than the ones formed earlier and their shape is therefore closer to the preferred needle-like shape of the sulphathiazole crystals grown in unmixed conditions. The largest roundness values can be found with crystals produced by natural cooling and this implies that their external appearance has been significantly affected by attrition, as was already assumed earlier.
Figure 8(c) shows that the shape of the crystals depends significantly on their size. A minimum value for roundness can again be found in all cases and it can be observed that with natural cooling this minimum value occurs at a clearly smaller crystal size than with the other two profiles. The reason for this is assumed to be the long constant temperature mixing period at the end of the batch. All of the crystals had been formed before this period and therefore the effect of crystal breakage on their shape is believed to be more remarkable than with the other samples. Table 2 shows the mean crystal sizes and shape factors for all the batches conducted with different constant cooling modes. The relative standard deviations between the means of the parallel batches are less than +3.1% in all cases, which again can be considered as an indicator of rather good repeatability regarding the performed experiments and the sampling and analysis procedure.
As an overall conclusion it seems that the size and shape of sulphathiazole crystals is mostly affected by secondary nucleation. Although the cooling conditions applied in this study varied considerably, the differences observed in the properties of the produced crystals were rather small. It can therefore be concluded that most of the effects caused by changes in cooling conditions could be almost completely overruled by the dominating influence of attrition. Davey and Garside (2000) have stated that it is nowadays recognized that attrition nucleation is the most significant nucleation mechanism in crystallizers for materials with high or moderate solubility. This statement appears to be valid for sulphathiazole based on the results obtained in this study.
CONCLUSIONS
The effect of different cooling conditions on the supersaturation level and consequently on the outcome of sulphathiazole crystallization was studied. The in situ concentration measurements were carried out using an ATR-FTIR immersion probe and the concentration predictions were calculated using a PLS calibration model. The product size and shape characterization was done with an automated image analysis technique which provided a method to simultaneously evaluate the size and the shape of the product crystals in a plane of two dimensions.
The results presented in this paper demonstrated the affect of cooling rate and mode on the supersaturation level during the unseeded crystallization process. As was expected, the supersaturation level increased with the cooling rate and a natural cooling mode resulted in a high initial supersaturation peak. However, the concentration profiles obtained with the programmed cooling implied that the supersaturation could not be maintained constant which is probably due to the exponential solubility curve of sulphathiazole. The product properties varied strongly in terms of crystal size and shape and the observed variations could be easily and comprehensively explained by the differences in the concentration profiles.
The results showed that by measuring an essential process parameter and elaborately characterizing the product, the conditions leading to certain product properties could be widely and extensively considered and also successively related to known theory of crystallization processes. This kind of information can be considered essential since it enables the optimization of the process conditions so that the product properties can be more efficiently controlled. 
